ABSTRACT The relation between the number of microÞlariae (mf) ingested by host-seeking vectors of human onchocerciasis and skin mf load is an important component of the population biology of Onchocerca volvulus, with implications for disease control and evaluation of the risk of transmission recrudescence. The microsimulation model ONCHOSIM has been used to assess such risk in the area of the Onchocerciasis Control Program (OCP) in West Africa, based on a strongly nonlinear relation between vector mf uptake and human mf skin density previously published. However, observed levels of recrudescence have exceeded predictions, warranting a recalibration of the model. To this end, we present the results of a series of ßy-feeding experiments carried out in savanna and forest localities of West Africa. Flies belonging to Simulium damnosum s.s., S. sirbanum, S. soubrense, and S. leonense were fed on mf carriers and dissected to assess the number of ingested mf escaping imprisonment by the peritrophic matrix (the number of exo-peritrophic mf), a predictor of infective larval output. The method of instrumental variables was used to obtain (nearly) unbiased estimates of the parameters of interest, taking into account error in the measurement of skin mf density. This error is often neglected in these types of studies, making it difÞcult to ascertain the degree of density-dependence truly present in the relation between mf uptake and skin load. We conclude that this relation is weakly (yet signiÞcantly) nonlinear in savanna settings but indistinguishable from linearity in forest vectors. Exo-peritrophic mf uptake does not account for most of the density dependence in the transmission dynamics of the parasite as previously thought. The number of exo-mf in forest simuliids is at least Þve times higher than in the savanna vectors. Parasite abundance in human onchocerciasis is regulated by poorly known mechanisms operating mainly on other stages of the lifecycle.
HUMAN ONCHOCERCIASIS, OR RIVER blindness, is caused by infection with the Þlarial parasite Onchocerca volvulus Leuckart. The parasite is transmitted by Simulium Latreille species that breed in fast-ßowing streams and are commonly known as black ßies (Duke 1990 , World Health Organization 1995 . These ßies ingest microÞlariae (mf) from the skin of infected individuals. Within suitable simuliid species, ingested mf can develop into infective (L3) larvae that can be transmitted to humans, where development into male and female adult worms (macroÞlariae) takes place.
Until recently, onchocerciasis has been a major public health problem in many parts of Africa and more focally in Latin America, causing a high occurrence of blindness and skin pathology in severely affected communities. In Africa, it hinders social and economic development because it often leads to depopulation of severely affected fertile valleys (Nwoke 1990 ). These considerations were important factors in the establishment of the Onchocerciasis Control Program in West Africa (OCP) (Molyneux 1995) , and more recently, the African Program for Onchocerciasis Control (APOC) (Remme 1995 , World Health Organization 1996 , as well as the Onchocerciasis Elimination Program for the Americas (OEPA) (Blanks et al. 1998 ). All three programs currently rely on the annual or semiannual distribution of the microÞlari-cidal drug ivermectin, and in the case of OCP, the program is supplemented with vector control.
The transmission dynamics of Þlarial parasites, including those of O. volvulus, are complex and inßu-enced by many factors, such as vector competence, vectorial capacity, and density-dependent mechanisms operating within human and vector hosts. Density-dependent mechanisms (such as regulatory constraints operating on parasite development within vectors or partial immunity to reinfection within humans) make transmission efÞciency dependent on the prevalence and intensity of infection. That is, lower per capita rates of parasite establishment within vectors or humans are associated with higher intensities of infection and transmission (Basáñ ez and Boussinesq 1999) . In consequence, these factors help stabilize the host-parasite relationship (Dietz 1982 (Dietz , 1988 : a perturbation of the original endemic equilibrium through mass treatment campaigns may be followed by a quick return to former levels of infection. Elimination only succeeds if the intensity of infection in the community has been reduced below the breakpoints determined by nonlinearities that may be present at low levels of infection, such as the relation between mating probability and parasite density and distribution in the human host or the relation between infective larval output and microÞlarial input in vector hosts that exhibit initial facilitation. Such breakpoints are often close to total elimination of the infection from the community for polygamous and highly aggregated parasites such as O. volvulus (Anderson and May 1985) or for communities with high vector biting rates . Recognition of densitydependent mechanisms is also relevant to disease control and elimination.
The risk of recrudescence or relapse of transmission after the closing down of OCP operations can be estimated using mathematical models. Several such models have been developed for onchocerciasis (Basáñ ez and Ricárdez-Esquinca 2001) , including ONCHOSIM, a microsimulation stochastic model developed as part of a collaborative project between OCP and the Department of Public Health of Erasmus University, Rotterdam (Plaisier et al. 1990 ). The accuracy of these models hinges crucially on the correct representation of the parasite lifecycle and the rigorous quantiÞcation of key epidemiological parameters. To construct and quantify ONCHOSIM, OCP conducted, in the late 1980s, a series of observational and experimental studies on the transmission dynamics of the parasite. The resulting model has made accurate predictions over a wide range of epidemiological conditions. However, experience with recent reappearance of transmission in parts of the OCP area where larviciding was stopped after local elimination of the parasite indicates that ONCHOSIM may have underestimated both the risk and rate of recrudescence (Plaisier et al. 1991 , World Health Organization 2002 . This suggests that parts of ONCHOSIM need reassessing to improve its usefulness in the crucial post-OCP era.
A key aspect in the dynamics of the OnchocercaSimulium interaction is the functional form of parasite uptake by the vector, i.e., the number of mf ingested by the ßy after a complete uninterrupted blood meal as a function of the density of mf in the skin of the human host. To study this relation, OCP conducted a series of experiments in which host-seeking ßies were fed on human volunteers with different levels of infection. Originally, when linked to L1 uptake (Þrst stage of larval development within the vector), the resulting curve (Plaisier et al. 1991 ) was interpreted as showing strong saturation in the number of mf that made it successfully out of the blood meal (exo-mf) and into the hemocele and thoracic muscles of the ßy (the original data can be seen in Basáñ ez et al. 1995) . This was considered to be the main process regulating onchocerciasis transmission in the model (Plaisier et al. 1990 ). Possible biological mechanisms for such saturation and parasite survival in the vector have been proposed (Mougey and Bain 1976, Hagen and Kläger 2001) .
However, an important issue in establishing the relation between skin mf density and the number of L1 larvae in the ßies, disregarded in the original analysis, is that skin mf density is measured with error. Presence of measurement error in the covariates renders standard regression methods inappropriate because these assume that the true values of the independent or explanatory variables are known. When the relation between human mf load and mf uptake is truly linear, and measurement error is independent of true mf load, then incorrectly applying linear regression would result in "attenuation": the slope of the regression line underestimates the true slope, but truly linear relationships will still appear to be linear (Nagelkerke 1992 , Carroll et al. 1995 , Nagelkerke et al. 2002 . Note that attenuation is caused by measurement error in the independent variable and not by error in the dependent (response) variable. When measurement error increases with true mf load (as it usually does), the degree of attenuation increases with true mf load, and a true linear relation may spuriously appear to be nonlinear. Thus, adjustment for measurement error is essential for determining the correct shape of the relation of interest.
In view of the progress made with the elimination of onchocerciasis from many formerly highly endemic areas in the OCP region, predictions made with ON-CHOSIM in the context of low infection intensities will become increasingly important. A better insight into the functional form of mf uptake is essential to improve the ability of early warning surveillance systems to protect the investment made and success achieved by the OCP after its devolution to participant countries. In this paper, we present a reanalysis of data obtained in the experiments mentioned above and other unpublished studies as part of a reparameterization of ONCHOSIM, using statistical methods that take account of measurement error in skin mf density. Our objective was to establish the relation between human parasite burden, as measured by skin mf density, and the number of exo-mf in the ßies. In partic-ular, we were interested in possible nonlinearities in this relation, because nonlinearity would indicate the presence of density dependence. Also, we present a comparison between mf uptake by savanna and forest vectors because less attention has been devoted to the latter compared with the former (associated with the transmission of the "blinding" strain of the parasite).
Materials and Methods
Fly-feeding experiments, in which vectors were allowed to engorge on human volunteers, were carried out at four geographic locations differing in terms of transmission intensity and predominant vector species.
Study Areas. Three of the experiments were carried out in savanna areas (where the savanna type of vector-parasite complex prevails) and one in forest-savanna mosaic. Details of savanna vectors can be found in Quillé vé ré (1979) . Vector details in forest-savanna mosaic areas west of the OCP can be found in Post (1986) , Davies et al. (1988) , and Boakye et al. (1993) .
The four study areas were as follows: River in Sierra Leone. This is a hyperendemic area (CMFL Ͼ 100 mf/ss) in forest-savanna mosaic (therefore associated with higher levels of blindness than those characteristic of the typical forest vector-parasite complex) (De Sole et al. 1991 , Dadzie et al. 1992 . No larviciding had been undertaken at the time of the study (September 1989) . The main vector is S. leonense Boakye, Post and Mosha (previously described as S. soubrense B Post).
Selection of Patients.
Patients were selected on the basis of recent parasitological surveys, using stratiÞed random sampling to ensure a wide range of skin snip densities. The examined population, between 19 and 49 yr old, was stratiÞed on the basis of their skin mf density as measured by the arithmetic mean mf count in skin biopsies taken from the two iliac crests with a Holth punch at routine epidemiological surveys earlier during the same year. Each biopsy was read after a 30-min incubation in distilled water and a 24-h incubation in saline solution (Prost and ProdÕhon 1978) . Just before the experiments, skin snips were again taken from selected patients; this time two snips were taken from the iliac crests and two from the calves (left and right). These skin snips were used in this analysis. Informed consent was obtained from all patients before the ßy-feeding experiments took place. The study was approved by the ethical committee of the OCP.
Capture and Dissection of Engorged Flies. Patients were seated in a secluded place, with their legs exposed to host-seeking black ßies at times of the day where the proportion of nulliparous ßies in the biting population was highest, to minimize patientÕs exposure to older, potentially infective ßies. One or two ßycatchers assisted each patient. When a ßy started taking its blood meal on the leg of the patient, it was covered with a clean and transparent tube that did not disturb engorgement. The tube was closed as soon as the ßy detached itself from the skin at repletion. The vector collector noted on the tube the code of the patient and speciÞed on which leg the ßy was caught. The tube containing the engorged ßy was placed in a jar with a wet ßoor cloth at the bottom. The objective was to catch a total of 52 ßies (50 ϩ 2 extra for possible wastage) from each patient. All the tubes in the jar were transferred to a moistened cotton bag, which was then labeled. At the end of the catching session, the different batches were transported to the laboratory where the ßies were dissected.
Flies were dissected approximately 6 h after engorgement (12 h in Mano), respecting the order in which the ßies were caught. These times correspond to the consolidation of the peritrophic matrix after the blood meal (Laurence 1966) . Fly dissection was carried out as described by Philippon (1977) . Immediately before dissection, the ßy was killed using chloroform vapor followed by morphological examination to determine vector species. The dissection products, such as the mass of blood surrounded by the peritrophic matrix, the middle and posterior intestines, the rest of the abdomen (including the two ovaries), the thorax, and the head, were each placed in a drop of saline solution. After recording the ßyÕs wing-tuft color and determining its physiological age (nulliparous or parous), each ßy section was dilacerated and covered with a clean slide, and the dissector, using a magnifying glass, carried out a Þrst mf count. Subsequently, mf were counted using microscopy (magniÞcation of ϫ10). After cross-checking the data recorded by the dissector and the microscopist, the Þnal results were recorded on a dissection form.
Variables. For skin density in the human host, we used the number of mf per two skin snips as observed by direct microscopy after a 30-min incubation, which has been the standard procedure in the OCP (Prost and ProdÕhon 1978) . Individual skin snip counts (i.e., left and right separately) were not available for all four study sites. Therefore, the sum of mf in the skin snips from the two iliac crests (sum-iliac) and the sum from the two calves (sum-calf) were used. Only two studies (Asubende and Tere) had reliably recorded snip weights; therefore, we decided to work with mf per skin snip instead of mf/mg. For mf uptake by the simuliid vector, the number of mf observed outside the peritrophic matrix (exo-mf); the number of mf found in the mass of blood, i.e., those encapsulated within the peritrophic matrix (endo-mf); and the number of developmental larvae of O. volvulus resulting from previous blood meals or of other parasites were recorded. The exo-mf (those found in the exo-peritrophic space, rest of the abdomen, and thoracic muscles) potentially develop into L3 larvae (Collins et al. 1977 ). By contrast, endo-mf are digested by the ßy together with the blood meal (Lewis 1953) and do not play a role in the transmission of the parasite.
Statistical Methods. As has been mentioned earlier, an important issue in establishing the relation between skin mf density and the number of exo-mf in the ßies is that mf load in the skin of patients is prone to be measured with error, which renders standard regression methods inappropriate. This error originates from several sources. First, the biopsy procedure, by "sampling" the skin, results in sampling error (Poisson variation) . Second, the microscopist may incur observation error (some mf may be counted twice and others missed altogether). Third, there may be variation in size and weight of the skin snips (although using a Holth punch is intended to minimize such variation). Fourth, skin snip incubation time may play a signiÞ-cant role because mf counts obtained after a 30-min incubation have shown to exhibit greater variance than those obtained after a 24-h incubation (Collins et al. 1980) .
If the magnitude of the error increases with true mf density (as in our data), a true linear relation may appear spuriously nonlinear not only because measurement error causes attenuation, but also because the degree of attenuation will actually increase along with mf skin load. To discriminate linearity from nonlinearity, we needed to formulate the relation between skin mf density and the number of mf ingested by the vector in a sufÞciently general, yet simple, fashion to encompass both saturation and nonsaturation. The power function y ϭ ␣x ␤ , with y ϭ total number of exo-mf found in all 50(ϩ2) ßies (sum-exo), and x ϭ the calf mf skin density (sum-calf) on which ßies fed, represents such a relation. For ␤ ϭ 1 (our null hypothesis) there is no saturation, and the relation between x and y is linear; for ␤ Ͻ 1 (our alternative hypothesis), saturation is present. The power relationship becomes linear when logarithms are taken on both sides of the equation.
To detect whether saturation is really present (or spurious), we used the method of instrumental variables (Carroll et al. 1995 ) to obtain (nearly) unbiased estimates of ␤. Let y denote the dependent count variable of exo-mf in the ßies (sum-exo); let x denote the observed (with measurement error) calf mf skin density (sum-calf), and let denote its "true" value.
(Note that if we were able to observe directly, we would use standard regression methods of y on to detect saturation.) A variable z is an instrumental variable if (1) it is correlated with ; (2) it is independent of the measurement error x Ϫ ; (3) it is independent of y given (i.e., z is a "surrogate": if we knew precisely, z would not contribute additional information to the model relating y and ).
The measurement of z need not be unbiased for . Therefore, the assumption that a variable is an instrumental variable is weaker than the assumption that it is a replicate measurement. For such variables, the following relation between regression parameters holds approximately: ␤ y͉z ϭ ␤ x͉z ϫ ␤ y͉ (Carroll et al. 1995) . The observed iliac density (sum-iliac) seems to be such an instrumental variable: (1) it should be correlated with the true calf mf density (Fig. 1) ; (2) unless some microscopists are systematically biased, it should be independent of the measurement error in the calf density, and (3) given the true calf density, it would not contribute to predict y, the number of exo-mf in the ßies.
We thus calculated ␤ y͉x by the ratio between the regression coefÞcient for the relation between sumexo (y) as a function of sum-iliac (z), and that of the relation between sum-calf, x (as dependent variable) and sum-iliac, z (as independent variable), i.e., ␤ y͉ ϭ ␤ y͉z /␤ x͉z. Poisson regression, which speciÞes a log-link and is suitable for count response variables, was used for parameter estimation. In addition, we speciÞed a logarithmic transformation for the independent variable. Analyses were Þrst conducted for savanna and forest sites separately, where savanna sites were analyzed together. Subsequently, savanna sites were also analyzed separately. Finally, the data point with the highest sum-calf number in the forest dataset was excluded, and the analysis for Mano repeated to ascertain the inßuence of this extreme value. To avoid loss of zeroes in the independent variable, all analyses were repeated adding 0.5 to sum-iliac. (Although addition of 1 is common practice, we avoided it because it may have a disproportionate effect in those samples where 0 or low mf counts were frequent, as it was the case in Farako.) Bootstrapping was used to estimate 95% conÞdence intervals. Statistical analyses (using SAS PROC GENMOD) were conducted in SAS (SAS Institute, Cary, NC).
Results
We Þrst present the data obtained from the ßy-feeding experiments in Table 1 . There were 45 patients from Asubende, 29 from Tere, 29 from Farako, and 31 from Mano. In the dataset from Tere, there was 1 missing value for sum-calf, leaving 28 observations for analysis. The ranges of sum-calf and sum-iliac in Farako were small compared with those in the other three sites. Farako also had many zero values. In Mano, there was one data point that could be considered as an outlier, with a sum-calf value of 1,392. Figure 1 , a and b, shows the relations between sum-calf and sum-iliac for savanna and forest sites, respectively. These variables are clearly correlated with an r ϭ 0.84 (n ϭ 103, df ϭ 101, P Ͻ 0.001) in the savanna settings, and r ϭ 0.70 (n ϭ 31, df ϭ 29, P Ͻ 0.001) in the mosaic forest site.
For the three savanna sites combined, the parameter ␤ (ϮSE), in the relation between sum-exo and sum-iliac, was estimated to be 0.71 (Ϯ0.07). This parameter, in the relation between sum-calf and sumiliac, was estimated as 0.98 (Ϯ0.09). Therefore, for savanna localities, the instrumental variable estimate of the regression coefÞcient for the relation between sum-exo and the "true" (unobserved) calf mf density equaled 0.71/0.98 ϭ 0.73 (95% CI ϭ 0.59 Ð 0.87). As this conÞdence interval does not contain 1, this result is an indication of nonlinearity. For Mano, in the mosaic forest setting, these estimates (ϮSE) were ␤ y͉z ϭ 0.69 (Ϯ0.19) and ␤ x͉z ϭ 0.88 (Ϯ0.20), and therefore, ␤ y͉ ϭ Fig. 1 . The relationship between sum-calf (the mf density at the volunteersÕ calves on which the ßies fed) and sum-iliac (the instrumental variable) in (A) the savanna sites of Asubende, Ghana (Ⅺ), Tere, Guinea (ࡗ), and Finkolo at Farako, Mali ( ), and (B) the mosaic forest site of Mano, Sierra Leone (f). The correlation coefÞcients between sum-calf and sum-iliac are 0.84 and 0.70 in savanna and forest, respectively. 0.78 (95% CI ϭ 0.26 Ð1.32). This conÞdence interval does include 1 and thus indicates proportionality.
After repeating the analysis by adding 0.5 to the independent variable, the estimates of the regression coefÞcient for the relation between sum-exo and "true" calf mf density were 0.74 (0.74/1.00; 95% CI ϭ 0.62Ð 0.86) for the three savanna sites and 0.80 (0.70/ 0.88; 95% CI ϭ 0.27Ð1.33) for Mano. This, therefore, did not change the Þndings of (weak) saturation (density dependence) in the savanna and of proportionality (linearity) in the mosaic forest setting.
When the data point with sum-calf ϭ 1,392 mf and sum-exo ϭ 342 was excluded from the latter analysis to assess the inßuence of this extreme skin density with low uptake in the ßies, the results were ␤ y͉z ϭ 0.78, ␤ x͉z ϭ 0.76, and ␤ y͉ ϭ 1.02. This conÞrmed the proportionality between skin mf load and exo-mf uptake for S. leonense in Mano, with roughly 5Ð 6% of the mf/ss succeeding in escaping imprisonment by the peritrophic matrix of the ßies. Figure 2 , A and B, shows, for the savanna and mosaic forest sites, respectively, plots of the mean number of exo-mf per ßy (obtained dividing sum-exo by the total number of ßies dissected) against the mean number of mf per calf snip in the humans (sum-calf divided by 2). The Þtted lines represent the relations between the untransformed variables after adjusting for measurement error.
Finally, we carried out the analysis for the savanna sites separately. Farako was excluded from this, given the high proportion of zeroes in this locality. The parameter estimates (ϮSE) were ␤ y͉ ϭ 0.68/1.08 ϭ Sum-iliac and sum-calf are the sums of mf counts obtained from two iliac crest and two calf snips obtained from local mf carriers; mean-exo is the mean number of exo-peritrophic mf per ßy found in 50(ϩ2) black ßies fed on them.
0.63 (Ϯ0.07) for Asubende and ␤ y͉ ϭ 0.28/0.71 ϭ 0.39 (Ϯ0.23) for Tere. The 95% CI for Tere and Asubende both excluded 1. Results are presented in Fig. 3 . This graph shows a plot of the mean number of exo-mf per ßy as a function of the mean number of mf per calf snip, where two regression lines have been Þtted separately to Asubende and Tere. Although this plot suggests a difference between the two localities, there was no statistically signiÞcant difference between the parameters.
Another way to look at the data is to explore the relation between the means, which are less subject than the individual observations to measurement error. Those in the three savanna sites are approximately linearly related (Fig. 3B) , with means for sum-exo, sum-calf, and sum-iliac being equal to 31, 108, and 110, respectively for Asubende; 12, 53, and 63 for Tere, and 2, 8, and 16 for Farako. This corresponds roughly to 0.01 exo-mf in the simuliid host per skin snip mf in the human host. For Mano, these values are 479, 386, and 352, or Ϸ0.05 exo-mf per mf in a skin snip. Clearly, the ratio of exo-mf to skin-mf is, on average, Þve times higher in the mosaic forest vectors of Mano than in the savanna species of Asubende, Tere, and Farako.
Discussion
We investigated the relation between the skin mf density of individuals infected with O. volvulus and the number of exo-peritrophic mf deriving from mf ingested by different types of simuliid species, all belonging to the S. damnosum Theobald complex, fed on these individuals. This relation seems to be (weakly) nonlinear over the range of values observed in our study (particularly when the savanna villages are jointly analyzed), although linearity cannot be ruled out in the forest.
In a separate analysis of two of the three savanna sites, the point estimate of the regression coefÞcient for Tere was lower than that for Asubende, suggesting a stronger severity of density dependence among ßy populations in the former. This difference was, however, not statistically signiÞcant. The simuliid population in Asubende was mainly composed of S. damnosum sensu stricto, whereas S. sirbanum predominated in Tere. It is possible that these two species may truly differ in vector competence, with previous studies not making a strict distinction between them. The proportion of mf/ss succeeding in reaching the hemocele of the ßies was, on average, 2.4% (0 Ð24%) in Asubende, and 2.5% (0 Ð15%) in Tere. In Farako, the average proportion of exo-mf was 1.5%, ranging from 0 to 4%.
It is also possible that the age structure and composition of the ßy population may have been somewhat altered in Tere, where the feeding experiments took place 2 yr after initiation of vector larviciding. There is, however, no evidence that older, parous ßies differ from nullipars in their exo-mf uptake (Boussinesq 1991 , Demanou et al. 2003 . Neither Asubende nor Tere had received ivermectin treatment before the experimental ßy infections, ruling out the possibility that ivermectin may have lowered the ability of treated mf to be ingested or traverse the peritrophic matrix and the abdominal epithelium of the ßies in Tere, as may have happened in Farako (ProdÕhon et al. 1987) .
The number of exo-mf per mf in the skin was at least Þve times higher in the forest than in the savanna vectors. This was probably because of a slower formation of the peritrophic matrix around the blood meal in forest ßies (Duke and Lewis 1964, Philippon 1977) , and it conÞrmed observations by previous workers (Duke and Moore 1968) . At Mano, an average of 5% (0 Ð22%) of mf/ss became exo-mf in S. leonense. In comparison, recent ßy feeding experiments conducted in forest localities of Cameroon, where the vector is S. squamosum B, also indicate proportionality in this vector, with Ϸ30% of the ingested mf succeeding in escaping imprisonment by the peritrophic matrix (Demanou et al. 2003) .
Snip weights were not always recorded. We, therefore, used the number of mf per two skin snips as observed by direct microscopy after a 30-min incubation as our measure of skin mf density. Counting mf per snip rather than per milligram of skin may have contributed to measurement error in addition to the four sources of error enumerated earlier in this report. Where snip weights were available, there was a high and strongly signiÞcant correlation between mf/mg and mf/ss (r ϭ 0.88, n ϭ 73, df ϭ 71, P Ͻ 0.0001). Thus, this additional source of error was likely small.
It would have been possible to transform our mf counts to those obtained after a 24-h incubation in saline and to numbers of mf/mg as described in Basáñ ez et al. (1994) . This would have made little difference to our results, which can be seen as follows. According to the calibration curves for different incubation times and media provided by Collins et al. (1980) , the fraction of mf emerging after a 30-min incubation in distilled water is Ϸ50% of that corresponding to 24 h in saline; therefore, it would have been necessary to multiply our counts by two. The fraction of mf emerged at 24 h is, in turn, approximately equal to 80 Ð 85% of the true number contained in the snip when it would have been digested with collagenase (Schulz-Key 1978) . However, we also know that not all the mf present in a given snip are ingested by the vectors, because roughly 15Ð20% are located too deep in the dermis to be reached by the simuliidÕs mouth parts (Wenk 1981) . Finally, according to Dietz (1982) , the weight of a Holth biopsy is Ϸ2 mg, so we would have to divide the mf/ss by 2. In consequence, after all these transformations, we would have obtained the same mf counts as those originally recorded, and because procedures were the same across all surveys, any transformation would simply affect the scale but not the shape of the relation of interest.
Our analysis demonstrates that adjustment for measurement error is essential for determining the correct shape of the relation of interest. In the original quantiÞcation of ONCHOSIM, this was not properly recognized. The mf uptake curve used by ONCHOSIM for areas with savanna-type of vector-parasite complex is given by E(exo-mf͉mf/ss) ϭ a(1 Ϫ exp[b mf/ss])(1 ϩ exp[c mf/ss]) (Plaisier et al. 1991) , where E(exomf͉mf/ss) denotes the expected (mean) number of exo-mf in the ßies given the skin snip mf density (mf/ss) in the humans. Parameters were estimated by nonlinear regression methods as a ϭ 1.2, b ϭ Ϫ0.0213, and c ϭ Ϫ0.0861, and these values were used to quantify the original version of ONCHOSIM (Plaisier et al. 1990 ). Clearly, the relation, as originally assumed in the model, was very nonlinear, with saturation occurring at high skin mf densities.
The relation explored in this paper, although suggesting some degree of limitation in savanna ßies (as opposed to proportionality in forest ßies), does not seem to be the main mechanism responsible for density dependence in the whole parasite transmission cycle as previously thought. In this respect, our conclusion is similar to that reached by Basáñ ez et al. (1994) . Other studies by Basáñ ez et al. (1995 Basáñ ez et al. ( , 1996 have explored other stages of the transmission cycle, namely the development of exo-mf into L3 larvae within the ßy and the survival of infected ßies, also using feeding experiments of wild (savanna) ßies kept in captivity. These studies indicate that the relation between the number of ingested mf and the number of L3 larvae subsequently developing in ßies is more strongly nonlinear: the larger the number of ingested mf, the smaller the probability that each of them develops into an L3 larva. This would be caused by both an increased mortality of heavily infected ßies and a reduced larval development in surviving vectors. This is also borne out by the Þeld data collated in Basáñ ez and Boussinesq (1999) for savanna localities of Cameroon and West Africa. A plot of the mean number of L3 per naturally infected ßy caught in a particular village versus the mean density of skin mf per person in that village (from data in their Tables 3 and 4) shows a clear tendency to saturate or even decrease in heavily infected communities, although it would be necessary to adjust for between-village heterogeneity in the proportion of ßies obtaining blood meals of human origin , Razali et al. 2002 .
Other density-dependent mechanisms are also possible, such as an effect of infection intensity on worm fecundity or the development of immune-mediated or other mechanisms that operate on L3 establishment and development within the human host, on parasite survival, or even on human host survival. Although such mechanisms have not yet been demonstrated conclusively, their operation has been proposed (Schulz-Key 1990) and incorporated into mathematical models (Dietz 1982 , Duerr et al. 2003 .
The density dependence as originally modeled in ONCHOSIM (induced by a strongly saturating vector mf uptake curve) was probably close to the density dependence induced by all possible mechanisms mentioned above. This explains why the model was able to make accurate predictions over a wide range of simulated conditions during the period that infection was declining in the core of the OCP area. DeÞciencies in the model only came to light when transmission rapidly reappeared in locations where interventions had been interrupted (World Health Organization 2002) . Perhaps, the model somewhat underestimated the severity of density dependence at very low infection levels or the proportion of L3 larvae succeeding to reach maturity within humans. This may explain why the actual risk of recrudescence exceeded the predicted risk (Plaisier et al. 1991) . This emphasizes the importance of constantly checking model predictions with real observations of pathogen-vector-host systems under perturbation, and users of models such as ONCHOSIM should be aware of the extent to which this veriÞcation has been carried out. Implicitly throughout, we have assumed that the experimental situation in which vectors are allowed to engorge undisturbed on volunteers is an adequate representation of what happens under Þeld conditions, while in reality, ßy feeding may be disturbed.
Our Þndings help reÞne our understanding of the transmission dynamics of O. volvulus and thereby contribute to the construction of better simulation models. Clearly, other aspects of these dynamics, in particular those that may introduce density dependence in other stages of the lifecycle, need to be studied in greater detail. Also, ONCHOSIM needs to be modiÞed, introducing the functional relations and parameter values presented in this paper, as well as possible nonlinear processes operating within the human host , Duerr et al. 2003 . As to the vectorial component of these dynamics, the development of exo-mf into L3 larvae is of particular interest and should be explored quantitatively for different species of simuliid vectors both in savanna and forest localities. This can be analyzed indirectly from observational studies, e.g., by assessing the change in the number of L3 larvae among ßy populations in response to changes in human mf skin density after successful interventions or recrudescence. However, this is best investigated directly by following ßies with known mf exposure for the full period (Ϸ7 d) required to complete larval development (Bissan et al. 1986 ). Because this development may depend on environmental conditions (Takaoka et al. 1982) , it should preferably be studied in the wild. However, as this may not be entirely possible, onchocerciasis transmission models will inevitably retain some uncertain elements.
